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ABSTRACT 
Oil existence is important for compressor operation because it provides lubrication, cooling and 
sealing. But the discharge process of the compressor inevitably entrains some oil in the 
refrigerant vapor, which makes oil leave the compressor and circulate in the system. For better 
heat transfer and refrigerant distribution, it is preferable to reduce the mass flow rate of oil 
circulating throughout the system.  
Visualization of closing and opening of the compressor discharge valve shows how the oil enters 
into the compressor plenum. High speed videos are taken to look at the valve and the discharge 
tube in order to get the oil droplet size and velocity. Due to the difficulty of flow visualization in 
the plenum space, computational fluid dynamics (CFD) is used to simulate the oil flow from the 
valve to the discharge. Discrete phase model in CFD can calculate the oil droplet trajectory in a 
certain fluid field of refrigerant vapor. To validate the CFD simulation, size distribution from 
video processing at the valve is used as the input of the calculation and the calculation results are 
compared to size distribution in the discharge tube. Potential oil separation structure design 
inside the compressor plenum is also compared based on the simulation. 
Compressors produce annular-mist flow consisting of refrigerant vapor flow with oil film and oil 
droplets in the discharge tube. The discharge tube is the most accessible location for oil flow 
visualization and quantification. A non-invasive method based on high speed video and optical 
measurement is developed to estimate the oil retention and oil circulation ratio by measuring oil 
film thickness, oil film average velocity, oil droplet size and oil droplet velocity. The estimated 
oil retention and oil circulation ratio results are compared with the measurements from sampling 
in the experiments under different compressor speeds. The agreement between the video results 
and the sampling measurements verify the accuracy of the non-invasive method. It is also shown 
that oil film dominates by mass while oil droplets contributes more to the oil mass flow rate 
because oil droplets travel in a much higher speed. The quantitative information of oil flow in the 
compressor discharge tube provides guidance to oil separator design and separation efficiency 
evaluation. 
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NOMENCLATURE 
d Droplet diameter 
D Tube inner diameter 
G Grayscale 
GI Grayscale gradient indicator 
GI* Critical grayscale gradient indicator 
GImax Maximum grayscale gradient indicator 
Mdrop Oil retention in the form of droplets 
Mfilm Oil retention in the form of film 
ṁdrop Mass flow rate of oil contributed by droplets 
ṁfilm Mass flow rate of oil contributed by film 
ṁoil  Mass flow rate of oil 
ṁref Mass flow rate of refrigerant 
L Tube length 
OCR Oil circulation ratio 
udrop Droplets moving velocity 
ufilm Film moving velocity 
ugs Gas superficial velocity 
Vdrop,video Total volume of the oil droplets captured and recognizing by video 
Vtube Volume of the tube 
Vvideo Control volume of the video 
δ Oil film thickness 
ρoil Density of oil 
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1. CHAPTER 1 INTRODUCTION 
1.1 Oil impact on vapor compression system 
Oil presence in the compressor is necessary for vapor compression systems because it provides 
lubrication, cools the motor and improves the sealing between the high-pressure side and low-
pressure side.  
Despite few literatures indicating that a small amount of  lubricant has a positive effect on heat 
transfer[1, 2], refrigerant distribution or capacity[3-5], adverse effects of oil on system 
performance have been identified experimentally by many researchers[6, 7]. 
In order to ensure the reliability of compressor and reduce the negative effect of lubricant on the 
system thermal performance, it is important to separate the oil from the refrigerant vapor and 
drain it back to the compressor. Therefore, studying how oil circulates in the system needs is 
important, especially oil flow inside the compressor and oil flow at the compressor discharge.  
Using a scroll compressor as an example, Figure 1-1 shows how oil flows inside the compressor. 
At first, the oil is stored in the oil sump at the bottom of the compressor. When the shaft starts 
running, some oil is brought to the upper part to lubricate two scrolls. With the opening and 
closing of the reed valve, it is inevitable for oil to leave the compression chamber and enter the 
plenum. Thus, some of the oil stays in the plenum while the rest is entrained in the refrigerant 
and circulates through the system.  
Oil retention and oil circulation ratio (OCR) are two important parameters commonly used to 
describe the oil flow in a vapor compression system. Oil retention is the amount of oil retained in 
a specific section of pipeline or heat exchanger. OCR is the mass flow rate ratio of oil and oil-
refrigerant mixture. Both parameters can describe how much oil flows outside the compressor. 
The main difference between oil retention and OCR is that oil retention is a measure of oil mass 
while OCR is the ratio of mass flow rate, considering flow velocity. 
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Figure 1-1 Oil flow in a scroll compressor 
1.2 Oil flow near compressor discharge valve 
From the video shown in Figure 1-2, the form of the flow inside the compressor is of the misty 
type. Oil enters the discharge chamber during the opening and closing of the discharge valve. 
Therefore, the discharge valve is the gateway for the oil to leave the compressor.  
Zimmermann and Hrnjak [8, 9] concluded that the most significant source of oil droplets in a 
scroll compressor is the break-up process of the oil film between the valve and its seat during the 
opening and closing. The visualization of the reed valve in the scroll compressor shows the 
valve’s periodical movement and oil atomization process.  
Yoshizumi et al. [10, 11] investigated oil near the valve and the opening delay effect brought by 
oil viscosity by experiments and numerical simulation. The rupture of oil film and its impact on 
the valve opening process is researched with simultaneous visualization. 
Toyama et al. [12]  showed that oil flow inside a scroll compressor is mainly mist flow. The 
mean diameter of them decreases as the flow speed of the refrigerant gas increases. The oil 
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droplets in the motor stator core cut passage move against the upward flow of the refrigerant gas, 
thus their falling velocity is extremely low. 
 
 
 
Figure 1-2 Video frame of oil flow near scroll compressor reed valve [8] 
1.3 Oil flow in compressor discharge tube 
The discharge tube is the most accessible location for oil flow visualization and quantification. 
Oil entrained in refrigerant vapor flows in the form of oil droplets or oil film in the tube. Figure 
1-3 shows the image captured in the compressor discharge tube in a running system. It can be 
seen clearly that some oil is in the discrete phase as droplets while some oil is in the continuous 
film adhered to the wall of the tube in a wavy pattern. 
Wujek and Hrnjak [13, 14] showed that the form of the oil-refrigerant flow at compressor 
discharge tube is developing mist-annular flow. The oil mist generated by the periodic movement 
of the discharge valve flows to the discharge tube. Oil droplets may collide, coalesce or splash 
during the process and then part of the oil is entrained by the high gas flow rates. The annular 
film is gradually formed and becomes wavy while oil mist travels fast in the gas core. 
4 
 
    
Figure 1-3 Oil flow in the compressor discharge tube  
1.4 Oil flow measurement techniques 
Because of the oil impact on refrigeration systems, it raises the interest to develop methods to 
quantify the oil flow. 
Wada et al. [15] used  a novel approach to measure the in-line real-time OCR based on the ultra-
violet light absorption behavior of oil. Lebreton et al. [16] realized the real-time oil concentration 
measurement based on the speed of sound in the mixture. Fukuta et al. [17] used reflective index 
of oil-refrigerant mixture to measure the oil concentration of the mixture. Peuker and Hrnjak [18] 
presented three different techniques to determine the oil distribution in the major components of 
an R134a automotive system. Wujek [19] used solvent to measure oil contained in air-
conditioning components after shutting down the system. 
Oil flow measurement techniques based on different physical principles show the potential to 
measure the OCR in a method without taking refrigerant sample from the system. However, few 
researchers have shown real-time images or videos of oil flow in a running system. One of the 
main contributions of this research is quantifying the oil flow with visualization techniques and 
verifying the method by experimental results. 
 
1.5 Objective of this research 
The main objective of this research is to use a video processing method to quantify the oil flow 
in the plenum and in the discharge tube. Also, visualization results are compared to experimental 
sampling results in order to verify the accuracy of the method. The visualization of oil flow near 
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the compressor reed valve helps us understand how the oil leaves the oil sump and where oil 
separation could take place.  
Considering the difficulty of video quantification of oil droplets in the compressor plenum, CFD 
simulation is a strong tool to predict the trajectory of oil droplets and their size distributions. The 
video results at the discharge tube are used to validate the CFD results. 
Furthermore, the information of oil film and oil droplets in real-time oil-refrigerant mixture flow 
is very important for oil separator design. The ultimate goal of this research is to understand the 
mechanism of oil separation and put suitable structure into application so that we can minimize 
the oil circulation ratio in the vapor compression system. 
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2 CHAPTER 2  OIL FLOW IN THE COMPRESSOR PLENUM 
2.1 Visualization of oil droplets inside compressor plenum 
Oil flow visualization inside the compressor plenum is based on the video captured by a high 
speed camera. Therefore, in order to get clear images of oil droplets inside of the plenum, side 
glasses and a transparent ring are added to the upper part of the compressor, as it is shown in 
Figure 2-1.  
  
Figure 2-1 Modification of compressor plenum for clear visualization  
The transparent ring is made of a polycarbonate board which can hold the high side pressure of 
the compressor. The transmittance of the transparent ring is achieved by the surface finishing and 
polishing process. A flange structure, together with O-ring and bolts are used to seal the chamber 
and hold the high pressure.  
A plastic screen is placed in front of the compressor valve in order to eliminate the misty flow in 
front of the valves so that a clear vision can be achieved when capturing the video of oil near the 
reed valve. The compressor has three discharge valves but in this work, two auxiliary valves are 
forced to close intentionally for easier visualization. 
Videos are taken by a Phantom V675 camera with different lens at three locations: the reed valve, 
the front of valve and the discharge tube, as shown in Figure 2-2. 
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Figure 2-2 Positions of video taken in the compressor 
The video of the reed valve shows the valve opening sequence and how oil film between the 
valve and the valve seat breaks up. Also, the initial velocity of oil droplets injected by the film 
break-up can be quantified by the method used by Zimmermann and Hrnjak (2014). 
The video in the front of the valve is processed to give the information of oil droplet size 
distribution. In the plenum chamber, the oil droplets are moving in all directions at relatively low 
velocity. The video processing can estimate the droplet size better than droplet velocity. 
Therefore, oil droplet size distribution is the key parameter that is used to compare visualization 
results and simulation results. 
The video in the discharge tube is taken at a section of transparent polytetrafluoroethylene 
observation tube. It is easier for processing since the axial velocity along the tube is much larger 
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than the radical velocity. The effect of camera depth of focus is considered to improve the oil 
droplet size calculation. 
2.2 CFD simulation of oil flow from discharge valve to discharge line 
2.2.1 Discrete phase model 
In computational fluid dynamics, discrete phase model is usually used to simulate one phase 
dispersed in another continuous phase in a Lagrangian frame of reference. Discrete phase model 
is commonly used to simulate the liquid/solid particle motion in a continuous fluid. An important 
preliminary assumption made in discrete model is that the dispersed second phase occupies a low 
volume fraction[20]. In this research, oil flow inside compressor discharge chamber is 
considered to be misty and oil volume ratio is always less than 5%, which is consistent with the 
discrete phase assumptions.  
ANSYS Fluent is used as the numerical simulation tool in this research case. The Lagrangian 
discrete phase model in Fluent follows the Euler-Lagrange approach. The fluid phase is treated 
as a continuum by solving the time-averaged Navier-Stokes equations, while the dispersed phase 
is solved by tracking a large number of particles, bubbles, or droplets through the calculated flow 
field. The dispersed phase can exchange momentum, mass, and energy with the fluid phase.  
2.2.2 Geometry and mesh 
The research object of CFD simulation in this research is limited to the modified compressor 
plenum and discharge tube. The compressor reed valve is the inlet of oil droplet and refrigerant 
vapor while the discharge tube is treated as the outlet of the continuous fluids. Figure 2-3 shows 
the geometry used for calculation. Besides the original plenum space, the additional space 
surrounded by transparent polycarbonate ring is also included to make sure the simulation results 
can be comparable with the experimental results. 
For meshing, the max face size is set as 1 mm for the 3-D model and the elements number is 
around one million. The mesh around the valve is refined because of finer geometry details. 
Overall mesh quality is checked before running the CFD calculation.  
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Figure 2-3 Geometry model used for CFD simulation 
 
Figure 2-4 Mesh for calculation (cutaway view) 
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2.2.3 Boundary condition 
In discrete phase model, injection function set the source of discrete phase (usually droplets or 
particles). The injection is released from the inlet surface of the discharge valve in the direction 
normal to the inlet surface.   
The physics of oil droplet interaction with a solid wall is complicated. In this research, the 
boundary condition is simplified to four different cases: trap, escape, reflect and wall film. Trap 
condition means that the droplet will be absorbed by the wall while escape condition allows the 
droplet to pass through when they hit the boundary. A reflect wall will give an opposite velocity 
vector to the incoming droplet based on momentum balance. Wall-film model is the most 
realistic case which allows a single component liquid drop to impinge upon a boundary surface 
and form a thin film. 
 
 
Figure 2-5 Physical mechanism for DPM boundary conditions 
 
Surface Continuous phase boundary condition Discrete phase boundary condition 
Inlet Injection Injection 
Valve No-slip wall Reflect 
Wall No-slip wall Wall-film 
Bottom No-slip wall Wall-film 
Outlet Outflow Escape 
Table 2-1 Boundary condition setting for surfaces in the geometry model 
2.2.4 Droplet injection 
As mentioned in 2.2.3, injection is the discrete phase boundary condition for inlet. The 
information of droplet injection from video can be specified in CFD calculation. The distribution 
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of droplet diameter is fitted by Weibull distribution to be used as the injection parameter at the 
inlet.  
The geometry should be a moving mesh to simulate the real case because valve opens and closes 
frequently according to the compressor speed. However, since the volume of valve moving space 
is relatively small compared to the whole plenum space, the valve is set to be open all the time. 
Instead of moving mesh, pulsating flow at the inlet is used to simulate the dynamic mass flow 
discharged at the reed valve. The valve opening and closing period is decided by video taken at 
the reed valve and the mass flow rate is given by the mass flow meter in the system. 
 
Figure 2-6 Inlet droplet size distribution for compressor at 50 Hz 
 
Figure 2-7 Pulsating flow to simulate valve opening and closing at 50 Hz 
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2.2.5 Numerical settings 
The effect of turbulence is considered and k-ε model is used in the flow calculation. The 
simulation takes SIMPLE as the scheme and uses second order for pressure discretization and 
second order upwind for momentum discretization. The time step for transient calculation should 
be as small as possible but here it is set as 0.001s for reasonable computational time. 
2.2.6 Preliminary results 
Particle trajectory can be calculated based on the discrete phase model. The trajectory of droplets 
is predicted based on the one-way coupling assumption. The particle/droplet location and 
velocity are updated every 10 iterations of flow calculation. When the oil droplets hit the 
boundary, they will either bounce back or splash into more droplets or be absorbed by the wall. 
Some of the oil droplets can leave the plenum and are recorded by the monitor at the compressor 
discharge tube. Figure 2-8 shows the trajectory of the injected oil droplets colored by droplet 
velocity magnitude. It shows in the figure that the droplets injected at the valve opening 
decelerated and some of them follow the refrigerant flow to leave the compressor plenum.    
 
 
Figure 2-8 Droplet trajectory colored by droplet diameter 
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2.3 Validation of CFD simulation 
In order to validate the CFD simulation, video taken in front of the reed valve is used to give the 
vapor velocity, oil droplets initial velocity as the as the inlet injection information. Figure 2-9 
shows the droplet diameter distribution in the front of valve under different compressor speeds. It 
is obvious that higher compressor speeds will generate more oil droplets, which agree with 
results from other researchers. 
Based on the droplet size distribution and CFD settings, the flow of refrigerant vapor phase and 
oil droplet discrete phase can be calculated. Therefore, with the same droplet size distribution 
input, real physical flow and numerical simulation will give two different outputs. The results of 
the CFD simulation is then compared to the results from video processing at the compressor 
discharge tube. Figure 2-10 depicts the logic of CFD simulation validation. Figure 2-11 to Figure 
2-14 show the comparison of droplet size distribution between CFD results and video results at 
different compressor speeds (30 Hz to 60 Hz).  
 
 
Figure 2-9  Droplet diameter distribution of inlet video visualization 
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Figure 2-10 Comparison of visualization results and simulation results 
 
Figure 2-11 CFD results and Video results at 30 Hz 
 
Figure 2-12 CFD results and Video results at 40 Hz 
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Figure 2-13 CFD results and Video results at 50 Hz 
 
Figure 2-14 CFD results and Video results at 60 Hz 
The results show that CFD simulation can give a qualitatively prediction about the droplet size 
distribution at the compressor outlet, which means the simulation is verified. Based on the 
trajectory of oil droplets, larger and faster droplets tend to detach from the flow streamline while 
smaller and slower droplets tend to follow the flow streamline. Therefore, the simulation model 
can provide more information for oil separator design inside scroll compressor plenum.  
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3          CHAPTER 3  OIL FLOW IN THE DISCHARGE TUBE 
3.1 Oil flow pattern in the compressor discharge tube 
A large part of the oil injected by the compressor valve flows into the compressor discharge tube 
and some of the oil stays in the compressor plenum. Wujek and Hrnjak [13] have shown that the 
flow at the compressor discharge is an annular-mist flow pattern. At the beginning of the 
discharge tube, most of the oil flows in the form of mist. When more and more oil droplets hit 
the inner wall, the oil film gets thicker and thicker.  
For different compressor speeds, which lead to different gas phase velocities, oil flow will vary 
from single rivulet, to multiple rivulets, to partly annular, to fully annular. The video taken at the 
compressor discharge line shows this trend. For the rated compressor speed, most of the cases 
are fully annular flow at the compressor discharge tube.  
 
Figure 3-1 Oil flow pattern in the compressor discharge tube 
3.2 Oil retention and oil circulation ratio (OCR) in annular mist flow 
Oil retention and oil circulation ratio (OCR) are two important parameters commonly used to 
describe the oil flow in a vapor compression system. Oil retention is the amount of oil retained in 
a specific section of pipeline or heat exchanger. With the same unit as mass, oil retention is a 
static parameter to how much oil remains in different parts of the refrigeration system. OCR is 
the mass flow rate ratio between oil and oil-refrigerant mixture. Different from oil retention, 
OCR depends on mass flow rate, which means it describes the dynamic amount of oil flow 
circulated in the system. Furthermore, oil retention is usually different in each system component 
while OCR is the same through all components. 
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Figure 3-2 Oil flow at compressor discharge tube 
The compressor discharge tube is the easiest place to quantify the oil flow and it is important to 
reduce oil circulating in the system. Also, it has been shown in Figure 3-1 that the compressor 
discharge tube is annular mist flow, consisting of oil film and oil droplets.  
As shown in Figure 3-2, oil retention in the form of film can be calculated as 
 
film oil film oilM ρ V ρ π( D-δ )δL   
(3-1) 
Similarly, OCR contributed by oil film can be calculated as 
 oil filmoil
film
oil ref oil ref
D um
OCR
m m m m
 
 
( - )   
 
(3-2) 
where D is the inner diameter of the tube, L is the length of the tube, δ is the measured thickness 
of oil, ρoil is the density of the lubrication oil. ?̇?𝑜𝑖𝑙 and ?̇?𝑟𝑒𝑓 are the mass flow rate of oil and 
mass flow rate of refrigerant, respectively. 
Based on the equations above, it is clear that oil retention just takes the oil mass in the tube into 
consideration while OCR needs to consider the velocity besides the mass. Also, thickness and 
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velocity of the oil film and diameter and velocity of the oil droplets need to be measured through 
visualization techniques in order to get the oil retention or OCR in a non-invasive way. 
In the same way we can derivate the equations for oil retention and OCR in the form of droplets. 
Since the video we took only represent a small part of the whole tube, the ratio of tube volume 
over video volume needs to be considered. 
 
2 2 3
,
24
oiltube
drop oil drop video
video video
D L dV
M V
V V
 
 

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(3-4) 
where d is the equivalent diameter of the droplets recognized by the video processing, udrop is the 
velocity of oil droplets, Vvideo is the video control volume. 
Therefore, five main parameters need to be measured: oil film thickness, oil film velocity, oil 
droplet size, oil droplet velocity and control volume of the video. 
3.3 Facilities 
3.3.1 System set-up 
A complete air conditioning system with a typical scroll compressor (with oil sump) is used as 
the research objective in this research. A reciprocating compressor in automotive application is 
also used as the compressor without oil sump, for comparison purposes. The scroll compressor 
has a designed frequency of 50 Hz, however in this work a variable frequency drive was used to 
adjust the compressor at different working conditions. Two environmental chambers are used to 
maintain the desired pressure and temperature conditions at condenser and evaporator. A manual 
and an electronic expansion valve are used to control flow rate. The mass flow rate of the system 
is measured by a Coriolis-effect flow meter.  
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.   
Figure 3-3 Experimental setup 
3.3.2 Optical set-up 
A section of PFA (perfluoroalkoxy alkane) tube is used as the transparent observation window at 
the discharge of the compressor. The inner diameter of the PFA tube is 1/4 inch while the wall 
thickness is 1/16 inch, which is the same as the copper tube size. For visualization, a Phantom 
high speed camera is used to record the flow at the compressor discharge. For flow regime 
visualization, a Nikon 55mm f3.5 lens is used to take a close-up shot. An optical platform is used 
to offer the precise adjustment of horizontal and vertical position of the camera. The resolution 
of position adjustment is 0.1 mm. Halogen lamps are used as the light source for visualization. 
Figure 1 shows the experimental facility. 
High speed camera video is captured to measure oil droplets. Laser and webcam are used to 
measure the oil film thickness at the same spot. The position of high speed camera is adjusted by 
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an optical platform. Microscope lens is used to capture the small scale droplets. Cold halogen 
light source with high brightness offers the light. 
 
Figure 3-4 Optical setup 
3.3.3 Oil retention and OCR measurement by sampling 
The two valves located at the compressor discharge tube are used to cut off the annular-mist flow 
at a steady working condition. The compressor was shut down at the same time as the two valves 
are closed. The section of transparent tube is then taken out of the system carefully after the 
emission of the high pressure refrigerant vapor. An analytical balance with a readability of 0.1 
mg is used to weigh the tube with oil retention. The tube is then mopped completely and weighed 
again on the same balance. The difference of the two weights is considered as the mass of oil 
retention. 
Oil circulation ratio is defined as the mass flow rate ratio of oil and oil-refrigerant mixture. Only 
in the liquid line (between condenser outlet and throttling device) do the refrigerant and oil flow 
as a single phase. Therefore, liquid line is the ideal location to pull an oil-refrigerant sample for 
OCR measurement. For a vapor compressor system with a vertical scroll compressor, OCR is 
usually below 3%. 
Light 
source
Compressor
High speed 
camera
Laser and 
Webcam
Transparent 
tube
Laser & Webcam
High speed camera
Oil droplet recognition 
Oil thickness measurement
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3.4 Measurement of oil film 
3.4.1 Total reflection method for oil film thickness measurement  
Shedd and Newell [21] developed an optical method to determine the liquid film thickness in 
annular flow. The method utilized the light reflected from the surface of a liquid film flowing 
over a transparent wall to generate an image. The image can be processed to determine the 
position of reflected light rays and calculate the film thickness without intruding into the tube. 
In this research, a 650 mm red laser beam shoots vertically to the tube, which generates an 
ellipse pattern will appear on the incident side of the wall. The ellipse pattern is formed by the 
reflection and deflection of the laser on curved surfaces and oil-tube, oil refrigerant interfaces. A 
common webcam are used in this research to get the image of ellipse pattern. The principle of 
total reflection method for oil film thickness measurement is shown in Figure 3-5. 
Numerical simulation shows that with larger oil film thickness inside the tube, the size of the 
ellipse will grow nearly linearly [13]. The linear correlation can also be given in a geometry 
calculation.  
The major source of error is brought by the angle between the laser beam and the camera. Also 
error brought by the recognition of the edge of ellipse pattern can cause some uncertainty 
especially when the oil film is very thin. 
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Figure 3-5 Schematic diagram for oil film thickness measurement in a tube 
3.4.2 Oil film thickness calibration 
An important step to measure the thickness precisely is to calibrate the linear equation between 
the semi-major axis of the ellipse and the oil film thickness. The facility of calibration is shown 
in Figure 3-6. A half-tube is used to measure the oil film thickness and capture the ellipse pattern 
at the same time. The oil film thickness is directly measured by a micrometer with a contact 
needle on that. At the same time the ellipse pattern generated by the laser is captured by a 
webcam. The refection and defection effect of the upper part of the tube can be neglected 
because of the absorption and attenuation of light. Multiple data points at different liquid level 
can be fitted into a linear curve which builds a bridge between the ellipse semi-major axis and 
the oil film thickness. The calibration data of PVE32 oil or PAG oil in ¼ inch tube can be found 
in Appendix A. 
Major axis 2a
Tube wall
Oil film
D
δ 
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Figure 3-6 Calibration facilities for oil film thickness 
 
Figure 3-7 Calibration results for oil film thickness  
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3.4.3 Oil film circumferential distribution 
Oil film circumferential distribution inside horizontal tube is considered to be uneven because of 
the effect of gravity and surface tension. Hurlburt and Newell [22] developed a model to predict 
the circumferential film thickness distribution in horizontal annular gas-liquid flow. The model 
fits well with experimental results in our case. The ratio oil film thickness at different 
circumferential location and oil film thickness at bottom of the tube is shown in Figure 6. As we 
can expect, higher superficial gas velocity will lead to more uniform film distribution. With a 
high superficial gas velocity in our case, it is reasonable to use the average of oil film thickness 
measured at θ=0o, 60o, 120o, 180o to estimate the volume of oil film in the tube.  
 
Figure 3-8 The circumferential distribution of oil film in the horizontal tube 
3.4.4 Oil film velocity profile 
Wujek and Hrnjak [13] have developed an image analysis technique which allows quantitative 
measurements of  wavy oil film in flows. The video of annular mist flow at compressor 
discharge is taken by the camera at the speed of 7500 frames per second. From the video taken at 
the transparent tube, it is clearly shown that oil film with wavy pattern spread on the tube inner 
wall and the discrete droplets in the vapor core.  
In order to calculate the mass flow rate contributed by oil film, the oil film average velocity 
needs to be determined. Since the oil is viscous, the axial film velocity is not all the same along 
the radical direction of the tube. Oil film can be divided into base film and fluctuating wave on 
the top. B. Sutharshan [23] developed liquid film velocity profile estimation in horizontal 
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annular flow based on experimental data. Hurlburt and Newell [22] developed a model for 
horizontal annular flow to estimate the average velocity in the liquid film. The average velocity 
given by mass and momentum conservation can used to calculate the oil mass flow rate 
contributed by oil film. In this research, as shown in Figure 3-9, average axial velocity in the film 
is a function of gas superficial velocity and oil film thickness.  
 
Figure 3-9 Average film velocity given by model [22] 
3.5 Measurement of oil droplets 
3.5.1 Droplets recognition and tracking through video processing 
Wujek and Hrnjak [13]  have developed a mathematical image analysis technique which allows 
quantitative measurements of droplets in annular-mist flows. The raw video taken by the camera 
at the transparent compressor discharge tube is first processed to estimate the wave speed and 
wave length of oil film and then separate the wavy pattern from the droplet motion in the core.  
Wall
 Film
δ
uvs
u=0
uwave
ufilm,avg
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Figure 3-10 Sample video frame of oil flow in discharge tube 
The oil droplet velocity is mostly in axial direction which means the velocity estimated by the 
video is a good representative of droplet velocity along the flow. However, the two-dimensional 
video of annular-mist flow cannot directly estimate the total volume of the droplets. Some vague 
images of droplets also indicate that significant parts of droplet image are taken out of focus.  
Therefore, it is necessary to determine the in-focus criteria and estimate the depth of focus of 
visualization control volume. 
The basic idea of steepest grayscale gradient method is to determine the boundary of droplets by 
the sharp optical transition. 8-bit grayscale allows 256 different color intensities which defines 
pure black is 0 while pure white is 255. Therefore, one frame of the video can be converted to a 
matrix where each element represents the pixel grayscale.  
The grayscale gradient in a 2-D picture is defined as 
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(3-5) 
For an image matrix shown in Figure 3-6, the value of grayscale is shown in each grid element. 
The boundary detected by the video processing is where steepest grayscale gradient takes place 
(red line in Figure 3-11).  
3.5.2 Depth of focus 
One of the limitations of grayscale gradient is that the video processing cannot tell if the droplet 
is in-focus or not. As shown in Figure 3-12, if we adjust the distance between the camera and a  
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Figure 3-11 Grayscale image of a droplet 
known size particle, the image captured by the camera will be blurry when it is too close to or 
too far away from the particle.  
Depth of focus (Df) is used as the third dimension (z direction) of our control volume of the 
video Vvideo. Df  is distance between “imaging position too far” and “imaging position too close”, 
which measures the tolerance of placement of the image plane. 
 
Figure 3-12 Droplet images under different camera-droplet distances 
Closer to cameraAway from camera 0
Halogen Lamp Camera
Transparent tube
Adjustable optical platform
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3.5.3 In-focus criteria 
Koh et al. [24] used grayscale gradient indicator (GI) to determine in-focus criteria for a 
processed image of a specific particle. Grayscale gradient indicator is defined as the local 
grayscale gradient divided by the difference between maximum grayscale and minimum 
grayscale in the image. 
 
max min( ) / 2
G
GI
G G x


 
 (3-6) 
Therefore, the steepest grayscale gradient of droplets in focus on the boundary will be higher 
than that of droplets out of focus. In order to tell in-focus image from out-of-focus, GI* is 
defined as in-focus criteria. All the droplets with boundary GI less than GI* are excluded out of 
the visualization control volume. GI* is given by 
 
max* 0.22GI GI   
(3-7) 
The value of GI* could be adjusted according to the image quality. A higher GI* will include 
less in-focus droplets with sharper boundaries. 
 
Figure 3-13 Depth of focus definition 
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Figure 3-14 In-focus criteria defined by GI* 
3.5.4 Volume ratio of droplets  
With in-focus criteria, we can estimate the depth of focus for different particles and build a 
correlation between the particle size and depth of focus. The correlation is calibrated by four 
known size particles and compared with the results in other literatures, as shown in Figure 3-14.  
 
Figure 3-15 Correlation between depth of focus and droplet diameter 
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Since depth of focus is a function of particle size, we can define the droplet volume ratio φ of 
each detected droplet, 
 
3 / 6
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(3-8) 
If the droplet volume ratio of each droplet is summed up together, equation (3-3) and (3-4) can 
be rewritten as 
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3.5.5 Oil droplets velocity measurement 
Wujek and Hrnjak [13] developed a video processing method similar to particle image 
velocimetry (PIV) to determine the droplets moving velocity in axial direction. Oil droplets, 
instead of seeding particles, are used directly to determine the velocity field of the gas core misty 
flow. Two images of the flow are taken in rapid succession with a high speed camera to make 
sure the same droplets must appear in consecutive frames. The video processing principle is 
shown in Figure 3-16 in following steps: 
1. Wave elimination by subtracting the average pixel value in period of time;  
2. Droplet size determination with steepest grayscale gradient;   
3. Comparison of two consecutive images divided in small sections to recognize potential 
movement;  
4. Velocity determination by PIV algorithm. 
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Figure 3-16 Steps of video processing for droplet velocity  
3.6 Uncertainty of measurement 
Measurement Unit Uncertainty 
Pressure kPa 3.5 
Temperature 
o
C 0.5 
Mass flow rate (?̇?) g/s 0.2% 
Weight by electronic balance g 0.005 
Weight by analytical balance g 0.0001 
Tube geometry (D,L) mm 0.01 
OCR by sampling % 15% 
Film thickness (δ) mm 0.02 
Oil droplets diameter (d) % 12% 
The uncertainty of oil film velocity (model), and oil droplet velocity 
(video) are not considered. 
Table 3-1 Uncertainty of measurement 
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3.7 Results 
3.7.1 Oil retention 
From Figure 3-17, oil film thickness gets thinner when gas velocity goes up because of the 
higher shear stress. Oil droplet mass gets higher because of the higher compressor speed.  
  
Figure 3-17 Oil retention in film or droplets 
If the oil retention in the form of droplets and that in the form of film are added together, we can 
compare the oil retention measured by video to sample results, as shown in Figure 3-18. 
Although the uncertainty of oil retention by video is relatively large because of thin film 
thickness and rough estimation of video control volume, the results can still be compared to oil 
retention by sampling. It means the optical method is acceptable as a non-invasive way to 
measure the oil retention.  
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If we compare the results of the compressor without oil sump and the compressor with oil sump, 
we find that from oil retention point of view, the impact of oil sump is minor for the amount of 
oil at the compressor discharge tube. 
 
 
 
Figure 3-18 Oil retention by video or sample 
3.7.2 OCR 
Both OCR contributed by film and OCR contributed by droplets gets larger, when gas superficial 
velocity goes up. It is interesting to see that the distribution of OCR in droplets and in film is 
very different from the distribution of oil retention. OCR is mainly contributed by oil droplets 
because oil droplets travel in a much higher speed than oil film. For OCR, both mass and 
velocity need to be taken into consideration, which means fast moving oil droplets can contribute 
more than slow moving oil film even though they are a minority by mass.  
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Figure 3-19 OCR in film or droplets 
Similarly, Figure 3-20 shows that the OCR measured by video can be comparable with OCR 
measured by sampling in an acceptable accuracy.  
35 
 
 
Figure 3-20 OCR by video or sample 
The effect of oil sump become essential when it comes to OCR because a compressor 
without oil sump cannot hold a lot of oil, thus higher compressor speeds tend to increase the 
OCR in the system dramatically. The different trend in Figure 3-20 clearly shows that 
compressor without oil sump generates a much higher OCR than compressor with oil sump. 
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4 CHAPTER 4  SUMMARY  
4.1 Oil flow in compressor plenum 
Both visualization and simulation methods are applied to research the oil flow inside the 
compressor discharge plenum. Visualization of scroll compressor shows that the source of oil in 
system circulation is mainly oil droplets injected by the reed valve opening and closing process. 
Videos of oil droplet flow are taken in front of the valve and in the discharge tube. Video 
processing techniques estimate the droplet size and velocity based on the high speed video 
captured. 
A discrete phase model can be utilized to simulate the oil droplets inside compressor plenum. 
The simulation results are compared to the video results at the compressor discharge when the 
inlet flow parameter is kept consistent. The agreement between simulation and experiments 
validate the CFD model used for oil droplets trajectory prediction. Higher compressor speed will 
generate more oil droplets. The distribution of oil droplets size fulfills the Weibull distribution 
statistically. Oil separator integrated in the compressor plenum should target the size range where 
most oil droplets are found. 
4.2 Oil flow in compressor discharge tube  
This research provides a validated non-invasive method to measure the oil retention and OCR at 
the compressor discharge tube. The video processing method can give more information, like oil 
droplet velocity and size, than traditional sampling method to measure OCR. Furthermore, the 
visualization method can be applied to any similar annular-mist multiphase flow in order to 
quantify the flow parameters. 
The distribution of oil in annular-mist flow at the compressor discharge is researched at different 
gas superficial velocities. In the compressor discharge tube, most of the mass is in the form of oil 
film while most of the mass flow rate is in the form of oil droplets. The reason is that the velocity 
difference between the refrigerant vapor core, the oil droplets and the oil film gives different 
contributions to oil retention or OCR. In order to eliminate the oil circulating in the system, it is 
important to decelerate and separate the oil droplets travelling in the annular mist flow.  
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4.3 Challenges and future work 
The ultimate goal of this research is to realize oil separation in the compressor plenum in order to 
minimize the OCR in the vapor compression system. The visualization techniques and numerical 
simulation developed in previous study and this research can provide significant oil flow 
information for oil separator design. 
The main challenge on this topic is the accuracy of complex flow measurement and numerical 
model. With the limitation of experimental fluid dynamics nowadays, the turbulence and 
multiphase phenomena can be hardly described quantitatively by measurement. Also, limited 
computational resources ask for over-simplified assumptions for CFD simulation. Therefore, 
better experimental techniques for flow measurement will contribute to a more accurate 
understanding of oil flow in and outside of the compressor.  
For the future work, more experiments are needed to evaluate the efficiency of oil separator 
integrated in the compressor plenum. Also, the validated CFD model can be utilized to screen the 
best oil separator design, taking space and pressure drop into consideration. Furthermore, the oil 
separation mechanism is necessary to achieve a deep understanding about the physics behind 
multiphase flow separation. 
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APPENDIX A OIL FILM THICKNESS CALIBRATION DATA 
 
  
41 
 
APPENDIX B EES CODE FOR OIL FILM MODEL 
The equations and assumptions of the model are described in the following paper: 
Hurlburt, E.T. and T.A. Newell, Prediction of the circumferential film thickness distribution in 
horizontal annular gas-liquid flow. Journal of fluids engineering, 2000. 122(2): p. 396-402. 
 
{Geometry} 
a=0.00635/2 
 
{theta=0} 
{Property} 
rho_l=9852 
nu_l=8.04e-6 
rho_g=Density(R134a,T=90,P=950) 
mu_g=Viscosity(R134a,T=90,P=950) 
 
{Flow} 
u_sg=18 
Re_sg=rho_g*u_sg*a/mu_g 
tau_s=0.023*Re_sg^(-0.2)*rho_g*u_sg^2 
Fr_taus=tau_s/(rho_l*9.8*a) 
 
 
{Non-dimensional} 
h_0=0.8e-3 
h_0n=h_0/nu_l*(tau_s/rho_l)^0.5 
 
h_n=h/nu_l*(tau_s/rho_l)^0.5 
h_n/h_0n=ratio 
 
{Thickness} 
alpha=exp(-h_0n/12) 
C_1=300 
beta=1/C_1/Fr_taus 
hratio=ln(alpha-beta*(cos(theta)-1))/ln(alpha) 
 
u_i=0.1664 
h=0.001 
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APPENDIX C EES CODE FOR DATA REDUCTION 
This EES code is used for data reduction of oil retention and OCR measurement based on known 
oil film thickness, oil film average velocity, oil droplet size and oil droplet velocity. 
 
{----------Geometry----------} 
 D=6.35  {Inner diameter of the tube,mm} 
 L=204  {Length of the tube,mm} 
 V_tube=L*pi*(D/2)^2  {Volume of the tube,mm^3} 
 
{----------Video----------} 
 x_pixel=384  {x direction pixel number of video frame} 
 y_pixel=192  {y direction pixel number of video frame} 
 scale=12.42  {Scale, um per pixel} 
 Df=0.2 {Depth of focus,mm} 
 V_video=x_pixel*y_pixel*(scale/1000)^2*Df  {Volume of the video,mm^3} 
 n_frame=992  {Total frame number} 
 
{----------Properties----------} 
 rho_PVE32=0.0009252  {Density of PVE32, g/mm^3} 
 
{----------Working conditions----------} 
 u_gas=Mr/1000/density(R134a,T=T_cpro,P=Pcri)/(pi*(D/1000/2)^2) {m/s} 
 
 
{----------Oil retenion----------} 
 delta=(4.4376*b_pixel/2/D_pixel-1.8002)/2 
 m_film_video=rho_PVE32*pi*(D-delta)*delta*L 
 
 {V_droplet_matlab is from MATLAB >>pi/6*sum(dropdatarealunits(:,6).^3),mm^3} 
 m_droplet_video=rho_PVE32*V_droplet_matlab/n_frame*V_tube/V_video 
 
 m_oil_video=m_oil_video 
 m_oil_balance=m_oil_balance 
 
{----------OCR----------} 
 mfr_film_video=m_film_video/L*u_wave/2 
 OCR_film_video=mfr_film_video/Mr 
  
{v_droplet_video is from MATLAB >>mean(dropspeedvstimeinfo(:,2))} 
 mfr_droplet_video=m_droplet_video/L*u_droplet_video 
 OCR_droplet_video=mfr_droplet_video/Mr 
 OCR_video=OCR_film_video+OCR_droplet_video 
 OCR_sample=(m_onlyoil-m_empty)/(m_full-m_empty+m_tissueafter-m_tissuebefore) 
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 error_OCR=abs(OCR_film_video+OCR_droplet_video-OCR_sample)/OCR_sample 
 
{u} 
u_film_real=u_wave/1000 
u_droplet_real=u_droplet_video/1000 
 
